Petawatt, picosecond laser pulses offer rich opportunities in generating synchrotron x-rays. This paper concentrates on the regimes accessible with the PETAL laser, which is a part of the Laser Megajoule (LMJ) facility. We explore two physically distinct scenarios through Particle-in-Cell simulations. The first one realizes in a dense plasma, such that the period of electron Langmuir oscillations is much shorter than the pulse duration. Hallmarks of this regime are longitudinal breakup ("self-modulation") of the picosecond-scale laser pulse and excitation of a rapidly evolving broken plasma wake. It is found that electron beams with a charge of several tens of nC can be obtained, with a quasi-Maxwellian energy distribution extending to a few-GeV level. In the second scenario, at lower plasma densities, the pulse is shorter than the electron plasma period. The pulse blows out plasma electrons, creating a single accelerating cavity, while injection on the density downramp creates a nC quasi-monoenergetic electron bunch within the cavity. This bunch accelerates without degradation beyond 1 GeV. The x-ray sources in the self-modulated regime offer a high number of photons (∼10 12 ) with the slowly decaying energy spectra extending beyond 60 keV. In turn, quasimonoenergetic character of the electron beam in the blowout regime results in the synchrotron-like spectra with the critical energy around 10 MeVand a number of photons > 10
I. INTRODUCTION
Recent progress in ultrafast, high-power laser technology has spurred development of compact, all-optical laserplasma electron accelerators (LPAs) [1, 2] . These accelerators, taking advantage of a GV=cm-scale accelerating gradient of a laser-driven plasma wake [3] [4] [5] [6] , are seen as a viable cost-effective alternative to the conventional solid structure-based technology [7] . Architecture of operational LPAs is remarkably diverse, from sub-mm structures driven by mJ-scale, kHz repetition-rate pulses [8, 9] to foot-scale designs driven by petawatt single-shot machines [10] . Generated beams range in parameters from tightly collimated, background-free, high-brightness, multi-hundred MeV electron beams [11] [12] [13] to broadband, high-current distributions protruding into a GeV range [10, [14] [15] [16] [17] [18] . Impressive versatility of the LPA makes it a popular research tool for radiographic studies [19] , ultrafast chemistry [20] , medicine [21] , and national security applications [22] .
The LPA is a natural source of high-brilliance x-rays [23] . Electrons confined in the focusing zone of the plasma wake experience transverse betatron oscillations, emitting highly collimated synchrotron x-rays predominantly in the direction of their propagation [24, 25] . Improvements in the laser technology helped extend the energy of photons from 10 to 100 keV range and improve their collimation [25] [26] [27] . Additionally, the use of a guiding capillary can enhance the fluence of x-rays by more than one order of magnitude [28] [29] [30] . With their fs-scale duration, high spatial coherence owing to the micron-scale source size, and a brilliance of order 10 22 photons=s=mm 2 =mrad 2 =0.1%BW [26] , pulsed synchrotron x-rays from plasma wakes are a perfect fit for high-resolution phase contrast imaging [31] [32] [33] . Most of the experiments focused on this task have been conducted with sub-100 fs, Joule-energy laser pulses, which limited the electron energy to a few hundreds of MeV and critical photon energy to the sub-10 keV range. X-rays with critical energies in tens of keVs have been produced with the laser pulses of energy between 0.1 and 0.3 kJ and duration between 0.2 ps [10] and 0.75 ps [34] . Application of kJ-scale, ps-length pulses, delivered by facilities operational or under construction in the national laboratories worldwide [35] [36] [37] [38] [39] , brings the promise of further increase in photon number, energy, and brilliance of x-rays, which are essential for ultrafast phase contrast imaging, radiography, or spectroscopy of dense plasmas ubiquitous in inertial confinement fusion (ICF), laboratory astrophysics, warm dense matter, or shock experiments [40] . This paper concentrates on the regimes of electron acceleration and x-ray production accessible with the lasers similar to PETAL [41] , which is a part of the Laser Megajoule (LMJ) framework dedicated primarily to the ICF physics studies. The kJ PETAL pulse is expected to have a half-ps duration, and thus ≈2 PW power. We show that these parameters of the driver permit small source size (sub-25 μm) and short duration of the x-ray pulse (sub-250 fs). Owing to their competitive brilliance (10 20 -10 22 photons=s=mm 2 =mrad 2 =0.1%BW, depending on the regime), these x-ray sources would be an asset for ultrafast diagnostics of high-density plasmas, contributing to the LMJ mission.
Dynamics of the LPA with petawatt, 100 fs-scale pulses is well understood [42] and readily lends itself to all-optical control [43, 44] . Extending the pulse duration to the ps level brings new challenges. One of them is accessibility of the blowout regime [45] [46] [47] [48] , which has been so far the only option to produce quasimonoenergetic collimated electron beams. Blowout in the tenuous plasma (n e =n c ≪ 1, where n e is the background electron density, n c ¼ ω 2 0 m e ε 0 =e 2 is the critical density for the radiation with a frequency ω 0 , ε 0 is the vacuum permittivity, m e is the electron rest mass, and e is the electron charge) is created by a short pulse of relativistic intensity. The focused pulse with a normalized peak vector potential a 0 ≳ 3 (where a 0 ¼ jejA ⊥ =ðm e cÞ, and c is the speed of light) expels all electrons on its path leaving bare ions behind. The charge separation field attracts the bulk electrons to the axis, thus creating a "bubble" of electron density encompassing the pulse, propagating at a near-luminal speed. Meanwhile, plasma nonlinearities cause continuous deformations of the optical driver, and hence of the bubble, facilitating self-injection of initially quiescent electrons [49] . The expected outcome of the acceleration process can be deduced from scaling laws [50, 51] , which are based on two fundamental optical processes-self-guiding, in a cavitated electron channel, of a strongly overcritical laser beam (such as P=P cr ≫ 1, where P is the laser power, and P cr ¼ 16.2n c =n e GW is the critical power for relativistic self-focusing [52] ), and depletion of the laser pulse driving the cavitated wake [53] . To operate in this blowout regime and benefit from its scaling laws, the laser and plasma characteristics should satisfy the matching conditions. This imposes constraints on the plasma density as well as on the laser intensity, power, waist, and duration. Our study shows that the halfps PETAL pulse fits rather well into these constraints, and the blowout can be easily reached. However, large pulse duration dictates acceleration in the low-density plasma, n e ∼ 10 16 cm −3 . This rules out conventional self-injection, and other injection methods have to be used.
Blowout regime is not the only option to generate brilliant x-rays. Increasing the plasma density far beyond the limit imposed by the blowout scaling laws can lead to longitudinal breakup ("self-modulation") of the laser pulse [54] [55] [56] [57] . As a result, the wake takes the form of a rapidly evolving train of electron cavities driven by relativistically intense optical bullets [58, 59] . This turns the electron spectrum into quasi-Maxwellian, while increasing the accelerated charge by more than an order of magnitude. We shall see that this regime ramps up the number of emitted photons by two orders of magnitude against the blowout case, while maintaining the brilliance in the range of 10 20 photons=s=mm 2 =mrad 2 =0.1%BW. The paper is organized as follows. Section II specifies the numerical setup for the particle-in-cell (PIC) simulations carried out using the quasi-cylindrical code CALDER-CIRC [60] . For the parameters accessible with the PETAL laser (kJ pulse energy, half-ps duration), we explore the trends in self-modulated laser wakefield acceleration (SM-LWFA) offered by variation of the background plasma density. In the high-density range (n e > 10 18 cm −3 ), quasiMaxwellian electron distributions with temperatures above 100 MeV extend to ∼2.5 GeV, while containing over a nC charge in the range above 1 GeV (total charge 30-50 nC). Section III concentrates on acceleration in the blowout regime. At the lowest density limit prescribed by scalings, the pulse is marginally overcritical, P=P cr ≈ 3.4. Simulations carried out in this regime show that the pulse diffracts early, and does not maintain electron cavitation all the way through electron dephasing. Acceleration is thus not as efficient as predicted by scalings. Yet a nC electron beam is accelerated to 1.6 GeV without accumulation of background, while having < 10% energy spread. Section IV explores x-ray production. In the SM-LWFA regime, the source size and duration reveal very weak sensitivity to the background density, staying at the 25 μm and 250 fs levels, respectively. Nevertheless, extremely high charge accelerated at high densities (n e > 10 18 cm −3 ) yields the brilliance close to 6 × 10 20 photons=s=mm 2 =mrad 2 =0.1%BW (at 10 keV), with the estimated critical energy ∼26 keV. In the optimal case, the x-ray beam of ≈260 fs duration contains 8.1 × 10 11 photons between 2 keVand 60 keV (total photon energy 1.5 mJ). Operating in the blowout regime reduces the x-ray photon yield by a factor 400. Yet, the reduced source size (7 μm) and duration (20 fs) ramp up the brilliance to nearly 4 × 10 22 photons=s=mm 2 =mrad 2 =0.1%BW at 10 keV. We conclude that the promising parameters of plasma-based, all-optical synchrotron x-ray sources, driven by the kJ, half-ps laser pulses, are encouraging for their use in radiography studies and ultrafast diagnostics of dense plasmas at facilities dedicated to the ICF and high energy density science (such as NIF and LMJ).
II. ELECTRON ACCELERATION IN THE SELF-MODULATED REGIME
We consider interaction between a circularly polarized Gaussian laser pulse and a fully-ionized gas jet. The pulse parameters match those expected for the PETAL laser [41] . Notably, the laser pulse energy (1.1 kJ) is at least an order-ofmagnitude larger than in the previous studies of synchrotron sources in the self-modulation and blowout regimes [34, 59] . This section reports the case studies corresponding to the laser power P ¼ 2.2 PW, the pulse full width at half-maximum (FWHM) in intensity τ 0 ¼ 0.5 ps, wavelength λ 0 ¼ 1 μm, and the waist radius at expð−2Þ of peak intensity w 0 ¼ 42 μm. This yields the peak normalized vector potential a 0 ¼ 7.5. The simulations are carried out with the quasicylindrical PIC code CALDER-CIRC [60] . To ensure correct laser pulse propagation, we set the time step
0 , and longitudinal and radial cell sizes respectively Δ x ¼ 0.125c=ω 0 ≈ λ 0 =50 and Δ r ¼ 4c=ω 0 with 12 particles per cylindrical cell. A third-order interpolation is used for the macroparticles. Three Fourier modes have been used in decomposition of currents and electric and magnetic fields. Besides, the magnetic field is interpolated quadratically in time to improve accuracy of calculation of the transverse forces. The large pulse length and the need for a fine spatial and temporal resolution incur heavy computational costs, which are only marginally offset by using a moving window. This limits our ability to carry out expansive parametric studies, yet permits us to evaluate the trends in x-ray source parameters brought about by the variation of plasma density.
To experience the longitudinal breakup ("selfmodulation"), the laser pulse must be much longer than the period of Langmuir electron oscillations, cτ 0 ≫λ p ¼2πc=ω p , where ω p ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi n e e 2 =m e ε 0 p and cτ 0 ¼ 150 μm. In the simulations, the plasma begins with a 1 mm-long linear ramp followed by a plateau. Four runs have been carried out with the density in the plateau area changing between n e ¼ 2. . The laser rapidly self-focuses, reaching the maximum amplitude a 0 ≈ 19 after 3.9 mm of propagation (70% of the Rayleigh length). At this point, it starts driving a highamplitude near-resonant wakefield. Three-dimensional buckets of electron density, acting as comoving lenses, focus and defocus laser radiation. As a result, the laser beam gradually breaks up into several beamlets with a characteristic size close to the plasma wavelength, λ p ≈ 30 μm. After one centimeter of propagation (approximately two Rayleigh lengths), the pulse turns into a train of four distinct beamlets, each residing in a zone of decelerating field for electrons [compare Figs. 1(d) and 1(h)]. Negative longitudinal electric field in the regions following each beamlet exceeds the cold wavebreaking limit E 0 ¼ m e cω p =e. This results in trapping and accelerating the electrons, as is clearly seen in the snapshots of the longitudinal phase space in Figs. 1(i)-1(l). However, the coupling between laser and wakefield leads to a time-evolving wakefield structure. The positions of the accelerating field regions are not stable over a long distance. The resulting phase mixing of electrons in accelerating buckets causes rapid maxwellization of electron energy spectrum.
Accumulation of the trapped charge in the course of laser pulse propagation is characterized in Fig. 2(a) . The total charge of electrons accelerated beyond 70 MeV is shown as a function of propagation distance for different plasma densities. Increase in the background density increases the charge, up to 50 nC after 1.5 cm of propagation in the highest-density plasma (n e ¼ 2.8 × 10 18 cm −3 ). At this point, this high-density plasma almost fully depletes the pulse, and Q starts to decrease. Steady reduction in the charge with distance is mostly due to radial expulsion of electrons from the wakefield, rather than due to their energy loss. Electron density n e ¼ 1.1 × 10 18 cm −3 appears to be optimal: even though the charge accumulation stops after 2 cm at Q ≈ 40 nC, subsequent reduction is insignificant. For the lowest densities explored here, n e ¼ 5.6 × 10 17 cm −3 and n e ¼ 2.8 × 10 17 cm −3 , the injection and acceleration process carry on after 4 cm of propagation.
The quasi-Maxwellian electron spectra after 2 cm of propagation are shown in Fig. 2(b) . The temperature, calculated for electrons with the energy above 200 MeV, increases with the density (from 110 MeV at n e ¼ 2.8 × 10 17 to 200 MeV at n e ¼ 2.8 × 10 18 ). Note that for the highest density explored here, the charge above 1 GeV is very significant (> 1 nC). For the lowest density case, a trace of a quasimonoenergetic beam can be observed around 300 MeV on top of the Maxwellian distribution. At this density, the laser pulse spans only a pair of wakefield buckets, which stabilizes the pulse dynamics and slows down the wake evolution. Further reduction in density results in transition to the blowout regime. This remarkably improves the system stability and drastically changes the electron acceleration dynamics. This is the subject of the next section.
III. ELECTRON ACCELERATION IN THE
BLOWOUT REGIME First, we discuss the implications of scaling laws [51] and the prospects to carry out acceleration in the blowout regime with a PETAL-like laser. Even though the scalings do not assume any specific shape of the pulse, we consider a Gaussian pulse with the intensity distribution where
The pulse is expected to self-guide in a stable fashion, while maintaining electron cavitation. To this end, its amplitude and spot size should be matched [51] , 
Using the pulse energy most effectively, that is, depleting the pulse at the moment of electron dephasing [51] , requires κ ≈ 2=3. Besides, the reduced pulse duration increases the ponderomotive force, improving electron cavitation, increasing accelerating and focusing gradients, and thus increasing probability of self-injection. However, with κ ≈ 2=3, equation (3) Running a CALDER-CIRC simulation with the found above density, n e ¼ 2.8 × 10 16 cm −3 , and slightly mismatched a 0 ¼ 4 and w 0 ¼ 80 μm (the Rayleigh length 2 cm) reveals an opportunity of reaching beyond GeV in a sub-10 cm plasma, without degradation of the quasimonoenergetic beam. Numerical aspects of the simulation are the same as in Sec. II, except that two Fourier modes (instead of three) are used in decomposition of fields and current. Too slow variation of the structure (on a cm-scale length) and ultrarelativistic phase velocity of the wake [roughly corresponding to the Lorentz factor associated with the pulse group velocity, γ g ¼ ðn c =n e Þ 1=2 ≈ 200] rule out conventional self-injection in a uniform plasma [49] . This makes the structure dark-current-proof. In addition, controlled injection is needed. We resort to injection in a density downramp [61, 62] , with the longitudinal density profile shown in Fig. 3 . The density drops from n g ¼ 2n e to n e over a half-mm length, causing an expansion of the bubble sufficient to inject almost 1 nC charge. No further injection is observed after the gradient. The lensing effect of the mm-length dense segment [43, 44] is obviously too weak to perturb the pulse evolution and incur additional unwanted injection in the low-density accelerator section.
The simulations show that the power ratio P=P cr ≈ 3.4 is not sufficiently high to maintain blowout through electron dephasing, similarly to the situation explored by Kalmykov et al. [43] . Propagation over a few tens of centimeters (∼11 Rayleigh lengths), simulated with the code WAKE [63] , reveals gradual drop in the pulse intensity. Figure 4(a) shows that, in the reference case (a 0 ¼ 4, w 0 ¼ 80 μm), the normalized peak vector potential drops by a factor close to two after the first 8 Rayleigh lengths, which indicates a transition from the blowout to the conventional nonlinear wakefield acceleration. Gradual reduction in the accelerating gradient at the position of the electron bunch, displayed in Fig. 4(b) (from 20 GeV=m at 1.5 cm to 11 GeV=m at 9 cm), reduces the energy gain compared with the predictions of the scaling laws. Notably, WAKE simulations with better matched parameters reveal better self-focusing and self-guiding of the pulse. Yet, propagation at higher plasma densities (hence, higher P=P cr ) is prone to relativistic filamentation, and is thus very demanding as regards the quality of laser beam focusing [10] .
CALDER-CIRC simulation has run through 9 cm. Snapshot of the electron density and the laser field after a 4 cm distance is shown in Fig. 5(a) . Here, ζ ¼ 0 indicates the center of the laser pulse. This is permissible as the pulse group velocity in this low density plasma is very close to c. Electrons have been injected primarily into the first bucket over the density gradient, with a total charge of 820 pC above 50 MeV. At x ¼ 4 cm, the electron bunch has reached 0.9 GeV [cf. Figs. 5(b) and 5(c)], and is still located at the bubble rear. This is quite natural, as this propagation distance is merely 1.3% of the dephasing length. Even though signatures of beam loading are clearly seen in Fig. 4(b) , this effect does not damp significantly the accelerating field, which reaches E x ≈ 20 GeV=m at the bunch location. In the end, the most energetic electrons get the energy close to 1.6 GeV (Fig. 6) , which corroborates the reduction in accelerating field caused by the diffraction of the driver. The energy spread of the electron bunch has been deteriorated, from ΔE FWHM ¼ 5.7% at 4 cm to 8.9% at 9 cm. Finally, parameter scans with WAKE simulations reveal that operation with the 2.2 PW PETAL pulse at higher densities (up to n e ¼ 6.6 × 10 16 cm −3 corresponding to the borderline of the self-modulation regime) results in stronger self-focusing, guiding over a longer distance [ Fig. 4(a) ] and higher expected energy gain. Prospects of operation in these regimes are presently under investigation, with the results to be reported in a separate publication.
IV. SYNCHROTRON RADIATION
Synchrotron radiation is calculated via post-processing, by plugging the trajectories of accelerated electrons into the equation [64] 
Here, rðtÞ is the position of the electron, βðtÞ ¼ vðtÞ c is the normalized velocity, _ βðtÞ is the normalized acceleration, n is the direction of observation, and ω is the frequency of emitted radiation.
For simulations in the SM-LWFA regime, the x-ray output has been calculated from the trajectories of the accelerated electrons over 4 cm of propagation. The critical energy for betatron radiation is given by ℏω c ½eV ¼ 5.24 × 10 −21 γ 2 n e ½cm −3 r β , where a sinusoidal trajectory of amplitude r β is assumed [23] . Applying this to 50 MeVelectrons and r β ¼ 20 μm, we find a critical energy ranging from 0.2 keV to 2 keV depending on the density used. Radiation emitted by less energetic electrons has a negligible effect on the x-ray spectrum beyond this range. We are primarily interested in the multi-keV photons, and calculate the x-ray emission only for the most energetic particles (i.e., E > 50 MeV), which also offsets the computational cost. Figure 7 displays the photon distributions for the densities considered in Sec. II. The emission is broadband, with a significant spectral amplitude through several tens of keVs. Due to numerical constraints, the spectrum beyond 60 keV has not been calculated. The total number of photons and the spectrum temperature are the highest at the highest density. This is explained by the higher accelerated charge and higher electron energy. Laser pulse rapidly depletes for n e > 1.1 × 10 18 cm −3 , unable to drive the high-amplitude wake. As a result, the x-ray yield saturates around n e ¼ 1.1 × 10 18 cm −3 . The x-ray source characteristics are summed up in Table I . The number of photons within the interval 2-60 keV increases by a factor ∼40 between n e ¼ 2.8 × 10 17 cm −3 and n e ¼ 2.8 × 10 18 cm −3 , while the total radiated energy increases by a factor ∼60. As the acceleration process is not finished in the lower-density cases, using longer plasmas would increase the photons number and average energy.
The increase in the number of photons with the plasma density goes along with an increase in the x-ray divergence TABLE I. Summary of the x-ray source parameters for the SM-LWFA (plasma lengths 4 cm) and the blowout regimes (plasma length 9 cm). Q max is the maximal electron charge above 70 MeV contained in the wakefield during the simulation. N γ is the number of photons emitted on the interval 2-60 keV and in an angle 100 × 100 mrad 2 . Θ FWHM is the FWHM angle of emission (mrad) and E γ the total energy of these photons. L rms is the transverse rms size of the source and D rms its rms duration. B is the brilliance at 10 keV ðphotons=s=mm 2 =mrad 2 =0.1%BWÞ. (Fig. 8) . The strength parameter of the betatron oscillation scales as K ∝ r β k p ffiffi ffi γ p , where r β is the oscillation radius.
Simulations show that r β is almost independent of density (the transverse size of the x-ray source L rms ∼ r β , shown in Table I , is estimated as the rms transverse size of the electron bunch). Hence K ∝ ffiffiffiffiffiffiffi n e γ p . As an increase in the density leads to an increase in the electron energy, the angle of emission, which is proportional to K, also increases. As the transverse source size and source duration weakly depend on density, the increase in divergence degrades the brilliance. The brilliance at 10 keV thus reaches the maximum B ¼ 5.6 × 10 20 photons=s=mm 2 =mrad 2 =0.1%BW for the optimal density n e ¼ 1.1 × 10 18 cm −3
. Emitted radiation has also been calculated for the blowout regime (Sec. III). As we are much closer to a monoenergetic electron distribution, the result has been fitted with a synchrotron spectrum given by the formula function of the second kind with ω c the critical frequency of the synchrotron spectrum. The radiation emitted during the entire simulation can be compared with a synchrotron spectrum with a critical energy E c ¼ ℏω c ¼ 6.6 keV [ Fig. 9(a) ]. This theoretical fit poorly matches the simulation results due to continuous electron acceleration. Conversely, radiation emitted during the last centimeter of propagation has a spectrum that is well approximated by a theoretical synchrotron spectrum with E c ¼ 10.9 keV.
For an electron energy of 1.6 GeV, this corresponds to the theoretical critical frequency expected for r β ¼ 7.6 μm, which is quite close to the transverse size of the electron bunch measured in the simulation (cf. Table I ). This can be compared to a critical energy of E c ¼ 26 keV for the simulation with n e ¼ 1.1 × 10 18 cm −3 in the SM-LWFA regime calculated by the same method, even though the procedure is not quite rigorous: given the Maxwellian electron distribution, the synchrotron fit strongly underestimates the number of photons emitted at high energy. The lower injected charge and plasma density in the blowout regime reduce the photon number by a factor 10-400 against the SM-LWFA regime (see Table I ). On the other hand, the blowout regime produces a much smaller source size (7 μm against 25 μm in the SM-LWFA regime) and duration (down by one order of magnitude from 250-300 fs to 20 fs). The accelerated electron beam is much shorter as it fits into the rear of the leading electron cavity, rather than spreads over many wake buckets. More compact source favors x-ray imaging with a high temporal and spatial resolution. Moreover, as the x-ray divergence is also reduced in the blowout regime, the brilliance is increased by a factor 60 against the best conditions under the SM-LWFA regime.
V. SUMMARY AND OUTLOOK
In this paper, we explore the prospects of using kJ-energy, subpicosecond laser pulses for electron acceleration and production of pulsed synchrotron x-rays in low-density plasmas. The regimes with the pulse longitudinal breakup (self-modulation) and electron blowout are explored. The advantage of the first approach is its simplicity. Self-modulation warrants massive electron injection (without tailoring the target) and acceleration of quasithermal electrons to a few GeV energy (with a nC charge above 1 GeV). Besides, the x-ray source dimensions (∼25 μm transverse size, ∼250 fs duration) are almost insensitive to the background plasma density. This regime leads to highly charged electron bunches with quasiMaxwellian spectra. The x-ray beams have a high number of photons (up to ∼8 × 10 11 ) with the energies in tens of keVs and a relatively large divergence (≈50 mrad in the optimal case). Conversely, the blowout regime features a background-free, quasimonoenergetic electron distribution, with a sub-10% energy spread around the central energy 1.6 GeV. Much lower charge (≈1 nC) and tighter collimation of electron beam result in a modest photon yield (2 × 10 9 photons) and lower photon energies. Yet, this regime yields a much more compact source (7 μm transverse size, 20 fs duration) and has a ∼60 times higher brilliance than in the best case of SM-LWFA.
Pursuit of further improvement in x-ray source characteristics may follow several routes. Operation in the blowout regime at higher densities (up to n e ≈ 7 × 10 16 cm −3 ), provided the laser beam quality is sufficiently high to avoid disruptive filamentation, should enable longer selfguiding, thus increasing electron energy and the x-ray source energy and brightness. Alternatively, using a plasma channel at low densities [65] (n e < 3 × 10 16 cm −3 ) should prevent premature diffraction of the pulse and help maintain acceleration through dephasing. For controlling the injection, plasma lens could be a viable option as it essentially uses the same experimental design as the downramp injector [43, 66] . Furthermore, filling a first injection-stage with helium doped with a high-Z gas (e.g., nitrogen) may enable ionization-induced injection over a limited time, leading to the generation of quasimonoenergetic beams [67, 68] . These options are the subject of further investigation. We conclude that petawatt, picosecond laser facilities, such as PETAL at LMJ [38, 41] and the Advanced Radiographic Capability (ARC) at NIF [39] , may effectively drive high-brilliance, pulsed synchrotron x-rays, providing an invaluable option of ultrafast, high-resolution imaging of high energy density plasmas.
